Nanofiltration of a solution containing four monovalent ions has been carried out to assess the Donnan steric and dielectrical exclusion pore model (DSDE-PM). The sequences of the ions rejections were Li + > Cl -> IO 3 -> K + and IO 3 -> K + > Li + > Cl -when membrane was positive or negative charged, respectively. Several types of ionic radii were implemented either in the interfaces equilibrium or in transport equations and the Stokes radius gave the best fitting, followed by a model that takes cavity radius for DE and crystal radius for the rest of hindrance factors. Analysis of the model equations showed that for high charge membrane, counterion with the highest mobility inside the pores is more rejected than the slowest one. The sequence of coions rejections is more difficult to predict as it depends on the relative contribution of mobility and several hindrance factors as well.
Modifications of the model have been proposed by several authors. For example, dielectrical exclusion (DE), either Born or image force effects, has been included [6] [7] [8] [9] [10] [11] . Other proposals include models that consider pore radius distribution [12] , a pressure gradient along the membrane axial coordinate [6] , variation of solvent viscosity in the pores [6] or ion activity coefficients [13, 14] .
The key parameters of the model are the pore radius, r p , the volumetric electrical charge of the membrane, X, and the effective ratio thickness-porosity Dx/A k . Pore radius was measured by atomic force microscopy [15, 16] and liquid-liquid displacement porosimetry [15] . Meanwhile, volumetric membrane charge was calculated from the membrane density zeta potential determination [17] [18] [19] . Alternatively, pore radius and membrane charge can be estimated as fitting parameters in the nanofiltration of neutral or ionic solutes, respectively [20] [21] [22] . Regardless of the determination method, nanofiltration membranes seem to be positively and negatively charged at low and high pH, respectively. This amphoteric conduct is due to the existence of functional groups such as amines, carboxylic or sulphonic acids. Besides the pH, the membrane charge depends on the composition of the solution in which it is immersed, due to the adsorption of coions and counterions to the membrane surface [10, 18, 19, 23] .
Most of the nanofiltration modeling studies deals with lone salt solutions. Some of them model three ion solutions [1, 17, 20, 24, 25] . However, as far as we know, modeling systems with a higher number of ions are infrequent [22, 26, 27] . Modeling multi-ionic solutions can be way of assessing the model. An explanation of the selectivity of the membrane separation for several ions simultaneously reinforces the suitability of the assumptions that have been made and the parameters used in the model such as ionic radii, Diffusion and Convection hindrance coefficients inside the pores or the interfaces equilibrium equations.
Although DSDE-PM is employed in many studies, there is still not a consensus about which ionic radius should be incorporate in the equations. Taking Stokes radius is very frequent [6, 14] but other ionic radii have been used to calculate steric, dielectric exclusion, diffusion and convection hindrance coefficients. Hussain et al. [7] compared the use of Stokes, Born and Pauling (crystal) radii to model experiments with separated NaCl and MgCl 2 solutions. In all cases, except when the Pauling radius and DE was considered for MgCl 2 , different estimated values of X could fit the experimental data. In the Born DE equations, the cavity radius that results from a correction of the Born radius [28] , has also been employed [9, 22] with a solution of 2 and 5 ions respectively. Lefebvre et al. proposed the crystal radius as the best choice using a hindered electrotransport model (HET) and were able to predict rejections in single salts [29] and multionic solutions [26, 27] . They observed a higher rejection for Cl -than for NO 3 - , two ions that have similar Stokes radii, in a positively charged membrane [27] . The authors explained that this was due to the ratio D p,Cl-/ D p,NO3-º 5 when calculated from crystal radii. That is, the highest rejection corresponded to the most mobile counterion.
In this work, we apply DSDE-PM to a 4 ion solution nanofiltration. As attention is focused on the effect of ion size on rejections, a system with 2 monovalent cations (K + and Li + ) and 2 monovalent anions (Cl -and IO 3 -) is analyzed under several conditions in which the membrane charge has a different sign.
EXPERIMENTAL

Chemicals and analysis
All the chemicals used (glucose, ethanol, KIO 3 , LiCl, HCl and KOH) were supplied by Panreac (Barcelona, Spain). All the reagents were pure grade and used as received. The pure water used in this study was prepared using a Milli-Q water purification system and filtered through a 45 µm pore diameter membrane. The organic solute contents were determined by Total Organic Carbon (TOC) using an ASI-V Shimadzu analyzer. Potassium, lithium, iodate and chloride were analyzed by capillary electrophoresis (3D-CE Hewlett-Packard). pH was measured on a Crison pH meter.
Experimental equipment
Experimental equipment is described elsewhere [20] . SelRO" MPF-36 organic flat membranes made by Koch (Wilmington, MA, USA) were used in all the experiments. Their nominal molecular weight cut-off (MWCO) was 1000 Da. Membranes were fitted in a SEPA CF II membrane element cell (Osmonics, Minnetonka, MN, USA). The feed chamber contained a feed spacer, which consisted of a diamond-shaped plastic mesh that was 0.43 mm (17 mil) thick and acted as a turbulence promoter. The total filtration area was 140 cm 2 . The retentate stream circulated tangentially to the membrane. Its cross-flow velocity was 1 m s -1 . The temperature was kept at 25 ≤ 0.5 ºC.
Filtration runs
First, the system was filled and run with pure water. The measured membrane permeability was 1. . Feed pH was set up by addition of HCl or KOH and measured continuously. Both permeate and retentate were returned to the stirred feed tank in order to achieve steady-state operation. The volume of the solution to be filtrated was 5 L and the volume of the liquid in the pipe that returned the permeate to the reservoir was about 25 mL. After 40 minutes of operation, permeate and retentate were sampled and diluted for analysis. Between runs, the membranes were cleaned in situ with pure water, HCl or KOH solution and finally, with pure water.
THEORY.
The DSDE-PM has been extensively described. Therefore, we have only included the general equations that are mentioned in the discussion. The meanings of all the parameters are reported in the List of Symbols section and additional calculations are described in the Appendix.
Transport through the membranes is governed by:
where K C,i and D p,i depend on l i , the ratio of the solute radius to the pore radius, according to the equations showed in the appendix.
The equilibrium in the external solution-membrane interfaces follows:
According to the expressions of the steric, Born dielectric and Donnan exclusion coefficients ( F S,i , F DE,i and F D,i ), Equation (2) 
For a given membrane and ion, « S,i and « DE,i depend on r i in the opposite way and both of them take a fixed value, regardless of the solution composition. Consequently, they have the same value in the feed and permeate sides of the membrane.
A model for predicting concentration polarization of multi-ionic solutions, which does not require any assumption about the film layer thickness, has recently been proposed [14, 30] . Cavaco et al. [22] obtained rather close results using this model and the usual assumption that film layer thickness is determined by the slowest ion Diffusivity [20, 21] . The model states that for any specie, i, at the feed solution membrane interface:
where x is the electrical potential gradient at the feed solution-membrane interface and k i , c f,i and c w,i are the mass transfer coefficient, the bulk feed concentration and the feed concentration at the membrane surface of the specie i, respectively. The mass transfer coefficient, k i , is corrected for high mass transfer rates with a factor X i , which depends on: 
RESULTS AND DISCUSSION
Assuming:
0 Sc e R a Sh ⋅ = (7) and varying the cross-flow velocity, the development of concentration polarization for the experimental filtration cell was analyzed in a previous work [18] . The mass transfer coefficient for any ion/molecule can be calculated by:
The effective membrane pore radius was estimated from the filtration results of neutral solutes of known radii (Table 1) at different pressures and the following equation for real rejection:
Fitting the rejection of glucose and ethanol together leads to a pore radius of 0.86 nm. An Dx/A k value of 6.51 10 -6 m was then calculated from the measured water permeability and the following equation:
where DP is the transmembrane pressure and µ the permeate solution viscosity.
As the aim of the study was to specifically analyze the effect of ion size, two monovalent cations and two monovalent anions with sufficiently different Stokes, crystal and cavity radii were selected (Table 1) . Iodate ions were chosen because all halogen anions have similar Stokes radius. It should be pointed out than the cavity or crystal radii of the targeted cations followed a different order of the Stokes radii.
First, as pH usually strongly influences the membrane charge, an experiment with a wide variation in the feed pH was performed. At pH 11 Figure 1 shows that the average rejection of Cl -and IO 3 -was visibly higher than the average rejection of K + and Li + At this basic pH, the OH -feed concentration was about 1 mol m -3 and its rejection was about 20 %: a value that fits the electroneutrality of permeate. Analogously, experimental proton rejection should be considered at low pH values.
Very close experimental pH points were tested in the neighborhood of minimum observed rejections and their data are zoomed in Figure 2 . A singular behavior was viewed at pH 5.4, a "double intersection point" where the experimental observed rejections of IO 3 -and Li + are nearly the same: 0.255 and 0.253, respectively. Subsequently, to fulfill the permeate electroneutrality, Cl -and K + rejections are very close as well: 0.145 and 0.150, respectively. The pattern of the four rejection curves will be discussed and justified later.
Simulations indicate that the intersection point is very close to the membrane isoelectric point (IEP) and it allows one to estimate the e p value. However, its estimated value depends on the type of ionic radius considered. Combining Stokes, crystal or cavity radii in the computation of several hindrance factors and DE partition, 5 models which statements and results are reported in table 2, were formulated. In all cases, the membrane charge at the intersection point is very low and e p is comprised between 54.3 and 62.8, in the range of common values reported in the literature [6, 9, 22] . The CV model gives the lowest residuals while CC and SV models yield the worst fitting. The experimental results at pH 4 and 10, were tested for the five models using the values of the pore radius and the pore dielectric constant calculated previously from independent experiments and fitting only one parameter, X (table 3) . The calculated rejections for SV and CC clearly diverged from the experimental ones and are not showed. Results for SS and CV models can be seen in figures 3-6.
The equations in the model were solved by assuming that the electrical potential gradient was constant, thus the ion concentration profiles were linear through the membrane. Equation (1) 
where c mp,i and c mf,i are the concentrations in the membrane phase next to the permeate and feed solution. This makes the iteration process faster and more robust, but a recent paper demonstrated that this approach cannot always be used [14] . Alternatively, the membrane can be discretized in N steps. Given the time-consuming computation when 4 ions are involved, we only did non-linear calculations for some selected extreme and central points of Figures 3 and 4 . In all cases, the predicted rejections were closer than ± 0.5% to those calculated by the linear method, regardless of the number of steps considered. The concentration profiles from linear and non-linear computations, as shown in Figure 7 , illustrate the validity of linearization in our case. As coion and counterion concentrations in the membrane phase differ by a factor of about 20, the represented concentrations are divided by their respective values in the membrane feed side.
At pH 4, CV model yields a slightly better fitting than SS and VV but the 3 models overestimated the iodate rejection. Further, SS and VV underestimated the potassium and lithium rejection respectively, which would not be consistent with permeate electroneutrality. This is because the proton was neglected in the model resolution, as its feed concentration was only about 2% of the other ions concentrations. However, the proton undergoes a rejection between -40% and -90%, which makes its permeate concentration about 0.15-0.20 mol m -3 . This is approximately 8% of the permeate concentrations of the other ions. The proton diffuses through several mechanisms, including the vehicular and the Grotthuss ones [34] . Its diffusion and convection hindrance factors cannot be calculated from Equations A1-A5 and other fitting parameters would have to be included in the model resolution [20] , as the theoretical background has not been established. Nevertheless, given the relatively low proton concentration, its inclusion in the model would not modify the general trend and relative values observed in the curves of Figure 3 and 4. At pH 10, the aforementioned discrepancy was not observed, as the hydroxyl rejection was between 40% and 50 %, and its concentration could be neglected in both feed and permeate. At this basic pH the best fitting is achieved with SS model, due to the fact that CV model predicts nearly equal rejections for the two counterions, K + and Li + , in disagreement with the experimental results.
The rejection of counterions by charged membranes has been described in the literature [35, 36] . Filtration of ternary mixtures of monovalent ions revealed that the less mobile counterion had a rejection that was less than that of the more mobile counterion. However, the reverse trend was observed for denser membranes, in which the steric hindrance coefficient was higher [35] . The addition of the less mobile counterion improved the retention of the more mobile one, and the decrease in the less mobile counterion was brought about by the addition of the more mobile one. From theoretical studies based on irreversible thermodynamics, the authors explained the experimental results as a consequence of the decompensation of the convective and electric flows of a given counterion after the addition of counterions with different mobilities [36, 37] .
In the following paragraphs, the different order of coion and counterion rejections according to their size and mobility is argued through the specific model that takes into account steric, Born DE and Donnan exclusion for a membrane-solution interface equilibrium. For the sake of simplicity, it is considered that the polarization layer is not developed but its possible influence will be discussed later on. The real rejection would be:
If we take Equations (2) and (3), Equation (11) The left side of Equation (14) is the normalized gradient concentration. It can be demonstrated that the lower its value, the smaller the ratio c mp,i / c mf,i . The convectiondiffusion term determines the comparative rejection of two ions of the same charge because their electromigration terms have the same value. We define the term CD i as:
For the particular case of considering the counterions of a membrane with a high enough value of |X|, c m,i >> c p,i must be met to accomplish electroneutrality in the membrane phase. Equation (15) As D p,i dependence on the ionic radius is stronger than K c,i dependence, CD i will generally be lower and, therefore, rejection will be higher for the most mobile inside the pore counterion than for the slowest one, as observed.
Values of K c /D p are drawn in table 4 and they are helpful on discussing the relative predicted rejection of counterions at large membrane charge. On the one hand, the ratio (K c /D p ) IO3-/ (K c /D p ) Cl -is 3.08 and 2.56 for SS and CV model, respectively. Consequently, at pH 4 both models predict that Cl -is more rejected than IO 3 -. Further, the difference between the two anions calculated rejection must be similar for the two models, as can be seen in figures 3 and 4. On the other hand, the ratio (K c /D p ) Li+ / (K c /D p ) K+ is 3.22 and 1.33 for SS and CV model. Therefore, at pH 10, K + is more rejected than Li + but CV model predicts a small difference between both rejections (figure 8). As VV model takes the cavity radius to calculate K c and D p as well, it predicts the same trend than CV for counterions relative rejections. In the system studied the product F S F DE is very similar for all the ions (table 4) independently of the model considered. This coincidence is due to the opposite effect than the solute radius has on « S and « DE . Consequently, the slowest coion is always more rejected that the fastest one and for small membrane charge the slowest counterion is more retained that the fastest one.
All these arguments are illustrated for SS model in Figures 8 and 9 , in which polarization was neglected in the computations. They are restricted to X < 0 and it can be observed that R and CD counterion curves cross at the same value of X, while they never cross for the coions Cl -and IO 3 -. Local minimum rejections (figure 8) are only seen for Li + and Cl -. Given the correlation between pH and X, the figure 8 has the same shape than the right half of figure 2. Corresponding simulations at X > 0 agree with the rejections trend observed at pH below the intersection point.
When the polarization layer evolves, the observed rejections decrease for all of the ions. However, the decay is more pronounced for ions with large Stokes radius. For high values of |X|, rejections come nearer and farer for coions and counterions, respectively, but their relative sort does not change, unless very strong polarization occurs. Calculation of X vs. pH for the SS and CV models follow the same pattern and are showed in figure 10 . Nevertheless, results should be taken with caution as X is estimated with only the observed rejections at 12 10 5 Pa.
CONCLUSIONS
The DSDE-PM, considering the Born DE exclusion mechanism, was shown to be appropriate for explaining roughly the rejections of solutes present in a multionic solution in a wide range of pH. Particularly, the model could explain the relative rejection of coions and counterions of different ionic radius, when the membrane was either positively or negatively charged. Comparative rejections for ions of the same charge were determined by their relative convection and diffusion transport through the membrane. Although in the conditions tested, incorporating Stokes radius in the model equations led to the lowest global difference between experimental and calculated rejections, no definite conclusion can be formulated about which type of ionic radius is the most suitable to employ. Therefore, additional experimental and theoretical work with different ionic solution and membranes should be carried out. 
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